[1] The high-resolution UV capabilities (l/Ál = 10 5 ) of the Hubble Space Telescope (HST) equipped with the Space Telescope Imaging Spectrograph (STIS) reflects a need for a high-resolution laboratory UV spectral data base for comparison with observation. For the purpose of interpreting the astronomical observations of Io by HST the electron-excited UV spectrum of SO 2 gas has been studied from 800-1700 Å at medium (l/Ál $ 10 3 ) and high resolution (l/Ál $ 5 Â 10 4 ) . The far ultraviolet (FUV) laboratory spectrum consists entirely of S I, II and O I, II multiplets. From a measurement of the medium resolution spectrum at 1.5 Å FWHM we are able to provide new detail in the 200 eV emission cross sections for all the FUV features. At 30 and 100 eV electron-impact energy we have measured high resolution emission spectra of the fine structure lines of the atomic multiplets at 1256 Å from S II, at 1304 Å from O I, 1479 Å from S I and at 1429 Å from S I at 100 eV electron-impact energy. At 100 eV electron-impact energy we compare the optically thin laboratory spectrum of the atomic multiplet S I at 1479 Å with the model spectrum of electron excitation of atomic sulfur. In addition, we compare a HST STIS observation of Io with the G140M grating (FWHM $ 0.5 Å ) at 1479 Å with a laboratory spectrum after transmission through a layer of atomic S. We have also compared our laboratory spectrum to FUV observations by STIS reported by Roesler et al. [1999]. The relative intensities of the strongest lines of S I and O I are compared with the laboratory emission cross sections for SO 2 near 40 eV (3 Ryd) electron energy. The Doppler line profiles of individual fine structure lines of atomic sulfur and oxygen were used to ascertain the kinetic energy distribution from dissociative excitation at 30 and 100 eV. At 100 eV electron-impact energy we find the kinetic energy distribution of the oxygen and sulfur atoms to be in the range of 2 eV to 3 eV. At 30 eV electron-impact energy we place an upper limit on the kinetic energy of sulfur and oxygen atoms as <1 eV. We provide the first measurement of the O I] 1356 Å absolute excitation function and the estimate of the cross section ratio O I] 1356 Å /1304 Å as a function of energy. We establish the absolute cross section of O I 1304 Å as 2.3 ± 0.5 Â 10 À18 cm 2 at 100 eV and the estimated cross section of O I] 1356 Å as 2.1 ± 1 Â 10 À18 cm 2 at 100 eV.
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Introduction
[2] Details of Io's extended atmosphere and of the neutral molecular and atomic gases surrounding the satellite are becoming available with spectroscopic images, in the UV from STIS [Roesler et al., 1999; Wolven et al., 2001] and visible photometric images from Galileo Solid State Imaging (SSI) system and Cassini imaging subsystem (ISS) (P. E. Geissler, private communication, 2003) obtained while in eclipse [Geissler et al., 1999] . The plasma and torus consisting of ionized sulfur and oxygen while corotating with Jupiter deposits its energy in the upper atmosphere by heating, ionizing, and dissociating the SO 2 parent gas in a quasi-steady state regime maintaining the upper atmosphere distribution of sulfur and oxygen atoms [Wong and Smyth, 2000] . Both direct torus electrons and secondary electrons are especially reactive in collision processes because the excitation cross sections of the atmospheric gases, as well as the electron-impact energy distribution produced in the ionosphere, attain their peak values at low energies, typically from a few tenths of an eV to about 100 eV.
[3] The bright O I 1304 Å and O I] 1356 Å emission lines observed by HST from Europa and Ganymede [Hall et al., 1995 [Hall et al., , 1998 Feldman et al., 2000] , the intense UV emission from the Io plasma torus observed by Galileo and Cassini [Esposito et al., 2003] , and the intense O I 1304 Å and O I] 1356 Å line emissions dominating the recent FUV spectra of the Io equatorial hotspots obtained near western elongation [Frank et al., 1996; Roesler et al., 1999; Retherford et al., 2000] , all clearly demonstrate the importance of the electron-impact-induced excitation and subsequent fluorescence from atomic and molecular species, together with their ions such as O, S, SO 2 , SO, O + , S + , O ++ , S ++ , and SO 2 ++ [Michael and Bhardwaj, 2000] . The auroral FUV spectrum of Io is more complicated than the spectra from Europa or Ganymede with many bright S I and S II emission features [Feaga et al., 2002; Clarke et al., 1994] . A fundamental limitation in measuring the compositional structure and the energy deposition is set by the accuracy of the emission cross sections used in energy-loss codes [Bhardwaj and Michael, 1999b] , as well as the identity of the parent oxygen-bearing species, i.e., O, O 2 , SO 2 , SO, etc., responsible for the observed emissions at 1304 and 1356 Å [Bhardwaj and Michael, 1999a] . In the recent review of Io's extended atmosphere, Spencer and Schneider [1996] pointed out that the utility of FUV observations of neutral O and S emissions are hampered by an inadequate atomic physics database.
[4] We have undertaken a laboratory spectroscopic study of electron-excited SO 2 in a single-scattering, optically thin experiment to build on the cross sections studies reported in our earlier work at low resolution [Ajello et al., 1992a [Ajello et al., , 1992b . The work described herein provides new cross section data by which astronomers will be able to accurately model the observed intensities within the atmosphere of Io for the portion of the atomic sulfur and oxygen line multiplet emission spectrum caused by electron impact dissociative excitation of SO 2 , the dominant gas in the atmosphere of Io. We also study for the first time the fine structure intensities of the strongest atomic oxygen and sulfur multiplets found in the FUV at S II 1256 Å , O I 1304 Å , S I 1429 Å and S I 1479 Å . We compare the structure to that observed by the G140M grating (FWHM $ 0.5 Å ) with the wide slit (2 00 aperture) of STIS and GHRS. Based on our knowledge of an HST archive search the only medium resolution studies of the atomic multiplets in the UV were obtained for S II 1256 Å , S I 1479 Å and O I] 1356 Å . We will compare, where possible, our laboratory spectra of S and O multiplets at high resolution to HST STIS and GHRS spectra. The comparison may help to confirm or discount SO 2 as a major source for direct excitation of the atomic multiplets. We will also estimate the amount of atomic self-absorption by atomic S in the S I 1479 Å multiplet as Feaga et al. [2002] have done for the case of direct excitation of atomic S.
[5] If SO 2 dissociation contributes to the UV emission of Io, electrons with energies 30 eV or more would be required, so any measurable contribution is strong evidence of super-thermal electrons (energy >30 eV) impacting Io's upper atmosphere. Recent high-resolution ground-based studies of the line profile of the O I 6300 Å optically forbidden red line by Oliversen et al. [2001] indicates a rapidly varying broad line width (FWHM $ 0.1 Å ). The broad FWHM correlates with intensity. The fluctuating broad line width, which can be greater than instrumental spectral resolution (0.05 Å ) indicates that molecular dissociation contributes to the visible line emissions. A plausible reason for the fluctuations is a time variable energy flux component of field-aligned nonthermal ($30 eV) electrons found in the Galileo Plasma Analyzer (PLS) data in the vicinity of Io and the Io torus Paterson, 1999, 2000; Oliversen et al., 2001] . These electrons are referred to as the nonthermal ''tail'' of the electron distribution. Both the thermal ''cold ($4-5 eV)'' and the nonthermal ''tail'' electron distributions were observed by the Galileo PLS Paterson, 1999, 2002; cf. Oliversen et al., 2001] . In this laboratory study we find similar magnitudes for line widths of atomic species in the FUV from dissociative excitation of SO 2 .
[6] In this paper we present the combined EUV and FUV spectra (800-1700 Å ) of electron-impact induced fluorescence from SO 2 at a medium resolution of 1.5 Å and 200 eV electron-impact energy. The spectral identifications and the cross sections reported here (Table 1 ) represent a marked improvement over our earlier work performed at 5eÅ resolution [Ajello et al., 1992a [Ajello et al., , 1992b . We describe here our laboratory procedure for determining the emission cross section for the atomic multiplet at O I 1304 Å from SO 2 at 100 eV electron-impact energy, which we use throughout this work as the ''bench-mark'' for estimating emission cross sections for all the identified spectral features. We chose to study at high resolution (95 mÅ ) the spectra of the strongest atomic multiplets observed at Io. We present here the high-resolution spectra of these atomic multiplets: S II 1256 Å , O I 1304 Å , S I 1429 Å , and S I 1479 Å at 100 eV electron-impact energy and also for O I 1304 Å and S I 1479 Å at 30 eV electron-impact energy. We present here an extension of the technique developed previously Kanik et al., 2003] in our laboratory for determining the cross section of the optically forbidden O I] 1356 Å emission produced from O 2 to report our preliminary estimate of the cross section for O I] 1356 Å emission produced from SO 2 at 100 eV electron-impact energy. We also describe the analysis of our measurements of relative excitation functions for O I 1304 Å ( [7] The high-resolution 3-m laboratory UV spectrometer was employed for the measurements of the Doppler profiles of atomic S and O multiplets and their ions from dissociative excitation. In this paper we present lines. We compare the laboratory measured fine structure of the S I 1479 Å multiplet at 0.09 Å resolution from electron-excited SO 2 with a model of electron-excited sulfur [Zatsarinny and Tayal, 2002] . We conclude this paper with a discussion of application of these high-resolution studies to STIS and GHRS observations of Io. Specifically, for the S I 1479 Å multiplets we compare the recent STIS observation using the G140M grating presented in Feaga et al. [2002] with a laboratory model based on electron-impact excitation of SO 2 .
Medium Resolution Spectrum
[8] The experimental apparatus and vacuum ultraviolet (VUV) calibration techniques have been described earlier in -17a, 18 -25a, 26a, 27 -30a, 31, 32, 33e , and 34 have been identified by Ajello et al., 1992 . For second order features indicated as 2X in wavelength, the cross sections could not be estimated. The values given here up to four significant figures serve to indicate the relative magnitudes of the various features. They do not represent the accuracy of the individual one. [Liu et al., 1995; Ajello et al., 1996] . In brief, the apparatus consists of an electron impact collision chamber in tandem with a high resolution (l/lÁ = 5000) Acton 3.0 m VUV spectrometer. The emitted photons were detected by a channel electron multiplier (CEM) coated with CsI to increase the quantum efficiency in the region above 1100 Å . The measured spectra were corrected for relative inverse sensitivity of the spectrometer system consisting of the grating and channel electron multiplier. The relative inverse sensitivity calibration data were obtained by measuring the intensities of emissions from electron impact excitation of molecular hydrogen in the 800 -1700 Å range and comparing them to model H 2 intensities [Ajello et al., 1988] . The resulting calibration data and fifth degree polynomial fit are as shown in Figure 1 .
[9] At 200 eV electron-impact energy the medium resolution spectrum (1.5 Å FWHM) of electron impact induced fluorescence features of SO 2 was measured from 850 to 1700 Å . The measured spectrum, as shown in Figure [1992a] with more subfeatures identified in the present experiment because of the improvement in spectral resolution i.e., 1.5 Å in present experiment vs. 5 Å in the work of Ajello et al. [1992a Ajello et al. [ , 1992b . Cross sections for all the spectral features (excepting Features 14 and 26a) have been estimated by employing as ''bench mark'' the cross section measured at 100 eV electron-impact energy for O I 1304 Å ( 3 P -3 S) emission from SO 2 . The identification for the observed spectral features and their corresponding cross sections are given in Table 1 . Since the measured data for relative inverse sensitivity calibration of the spectrometer is applicable only for first order emission spectra, cross sections for the measured second order emission lines could not be estimated. Feature 26a (O I] 1356 Å ) required an additional step for estimating the cross section. The need for such an additional step for this particular feature is discussed in section 4.
[10] The procedure for estimating the ''bench mark'' cross section (referred above) is important to describe. This procedure required two separate experiments in which accurate photon count rates were measured for the emission feature O I 1304 Å ( 3 P 3 S) produced by collision of 100 eV electrons with SO 2 and O 2 molecules respectively. A medium resolution spectrum (600 mÅ FWHM) in the wavelength region 1290-1360 Å (Figure 3 ) was obtained for SO 2 with electrons of 100 eV energy. Photon count rates for the emissions O I 1304 Å ( 3 P 3 S) were obtained by integrating the areas under the peaks of their respective finestructure spectral lines in the measured spectrum. Under similar experimental conditions photon count rates for O I 1304 Å emission was obtained using O 2 as the target gas (Figure 3 ). The measured photon count rates were corrected for fluctuations in gas density and electron current. The photon count rates were also corrected for the pressure gauge's (A Varian 580 nude ionization gauge was used for measuring pressure in the electron-molecule collision chamber) gas sensitivity factor, which is different for the target gases SO 2 and O 2 . As quoted by the manufacturer the gas sensitivity factors (relative to N 2 ) were 2.2 and 1.05 for SO 2 and O 2 , respectively. From the ratio of measured photon count rates and using the recently measured Kanik et al. [2003] emission cross section value of 2.9 ± 0.6 Â 10 À18 cm 2 at 100 eV electron-impact energy for O I 1304 Å from O 2 , the ''bench mark'' 100 eV cross section for the O I 1304 Å emission from SO 2 was determined to be 2.3 ± 0.5 Â 10 À18 cm 2 .
[11] A by-product of the above procedure also enabled us to determine the cross section for the optically forbidden O I] 1356 Å ( 3 P 5 S 0 ) to be described in section 4. Three major errors contribute to the measured cross sections: (a) the relative uncertainty, 22%, in the O I 1304 Å cross section measured for O 2 by Kanik et al. [2003] , (b) the error, 4%, due to signal statistics of the strongest features, and (c) the random error, 5%, due to fluctuations in electron gun current and pressure of target gas. For allowed transitions, the root-sum-square of the above three errors gives a relative uncertainty of 23% for the measured cross sections in the present work.
Multiplet Structure, Line Profile and Kinetic Energy Distribution Analysis
[12] At 100 and 30 eV electron-impact energies, finestructure cross sections were studied from the most intense and most important multiplets of S I, II and O I that have been observed by HST with the G140M grating. Table 2 .
[14] In Figure 4a the emission at 1304 Å is composed of three fine structure lines. From the standpoint of high resolution measurements in the laboratory the most important multiplet is S I (1479 Å ), since it was recently measured by STIS with the G140M grating and analyzed by Feaga et al. [2002] . They attributed the observation to excitation of atomic S by $5 eV electrons. We will show that the intensity distribution of these fine structure lines from SO 2 dissociative excitation is very similar. The multiplet structure is shown in Figure 4b . The multiplet structure is composed of both allowed and forbidden transitions: ( 3 P 3,5 D). We observe in total eight fine structure lines of a possible 13, six allowed and seven optically forbidden transitions. The fine structure lines are numbered 21 through 28. The allowed ones are 22, 23, 25, 26, and 28, while 21, 24, and 27 are intercombination lines. The strongest allowed fine-structure feature is numbered 22, which is the transition 3 P 2 5 D 3 0 . The strongest optically forbidden fine-structure feature is numbered 21. It is a blend of inter-combination transitions 3 P 2 5 D 3,2,1 . The cross sections for fine structure lines of the high resolution atomic multiplets were estimated by using the ''bench mark'' 100 eV cross section of OI 1304 Å from SO 2 . We report the cross sections for each of these features in Table 2 .
[15] The multiplet at 1256 Å (Figure 4c ) is composed entirely of S II fine structure lines from the transition [Ajello et al., 1992a] . A multiplet with similar structure but composed of optically allowed fine structure lines is S I 1429 Å . We show this multiplet in Figure 4d . The strongest line is feature 16, which is the transition (the 3-m spectrometer the maximum grating rotation angle is 8°which corresponds to a maximum wavelength of 3700 Å ) and the signal-to-noise ratio of the measured intensities of the emitted line radiation.
[17] The true emission profiles could be obtained by deconvoluting the observed line profile with the appropriate slit function. The mathematical FFT technique of deconvolution used for the present analysis has been fully described in earlier publications [Ajello et al., 1995a [Ajello et al., , 1995b . Low pass step filter [Press et al., 1986] was used to eliminate high frequency noise in the data and thus prevent spectral leakage into the side lobes of deconvoluted profiles. Filtered observed line profiles, slit functions and the de-convoluted line profiles are shown in Figure 5 [18] Deconvoluted data was used to calculate the kinetic energy distribution of oxygen atoms. The kinetic energy distribution P(E) is given by
where k is a multiplicative constant Higo, 1979, 1980; Ogawa et al., 1992] . In the cases of O I 1302.168 Å and O I 1152.151 Å the resultant kinetic energy distribution for 100 eV electrons are shown in Figure 6 . Peak values and mean values for the kinetic energy were determined for the above distributions and are presented Table 3 . where KE is the kinetic energy of the atomic fragment in eV, M is the mass of the atomic fragment in A.M.U. and l 0 is the emitted central wavelength in Å . Considering an observation along the line of sight of the spectrometer, q = 0°, and with Ál = (FWHM Ä 2) of the filtered observed line profile, the upper limit for the kinetic energy was estimated. Similarly, upper limits were also estimated for O I 1302.168 Å and O I 1152.151 Å at 100 eV, whose values, as seen in Table 4 , agree well with their corresponding mean kinetic energies within the limits of the experimental uncertainty. We consider here the model reaction where the SO 2 molecule, upon electron impact, dissociates to produce a single sulfur atom and two oxygen atoms. A simplified approach based on the principles of conservation of momentum and energy was adopted to understand the dissociation process. Regardless of the O -S -O bond-angle present at the instant of dissociation it was found that the velocities of sulfur atoms were always either lesser than or equal to the velocities of oxygen atoms. ) atoms produced at 100 eV electron impact energy is sufficient to cause them to drift out of the field of view, 1.49°, of the 3-m spectrometer. A correction factor (here after referred to as the field-of-view factor) was required to account for the above effect before an accurate value of the 100 eV cross section could be determined. The field-of-view factor (for O 2 experiments) relevant to the present experimental set-up was obtained by comparing the ratio of O I] 1356 Å /O I 1304 Å cross sections at 100 eV in the same way as obtained in an earlier measurement by Kanik et al. [2003] with the ratio of measured (present) integrated intensities of the corresponding spectral lines of Figure 3 . In the O 2 experiment a value of 103 was obtained for the field-of-view factor. Which means only 1/103 of the O I] 1356 Å emission was observed in our apparatus compared to an allowed transition. We will show that the field-of-view factor determined for the present experimental set-up for O I] 1356 Å from O 2 can also be used for O I] 1356 Å from SO 2 . The field-of-view factor is accurate provided that the excited O I atoms have the same mean kinetic energies for the two different parent molecules. ) since its high-resolution line profile measurement yielded low count rates. We expect to use much longer integration time in the future.
[21] The measured photon intensity for O I] 1356 Å from SO 2 was corrected by applying the field-of-view factor and is shown in the Figure 3 . From the estimated cross section value of 2.3 ± 0.5 Â 10 À18 cm 2 for O I 1304 Å from SO 2 and the measured ratio of photon count rates for O I 1304 Å /O I] 1356 Å (see Figure 3) , the cross section for O I] 1356 Å from SO 2 was found to be 2.1 ± 1.0 Â 10 À18 cm 2 . It may be noted here that feature 26a identified in Table 1 , belongs to the optically forbidden transitions of the spectral feature O I] 1356 Å produced by the collision of 200 eV electrons with SO 2 . Since it was not possible to estimate the field-of-view factor for 200 eV measurements, we corrected the measured intensities of feature 26a in Figure 2 by using the O I] 1356 Å cross section at 200 eV from the excitation function data given in section 5. Thereby, a correct estimate of the cross section for feature 26a was obtained. Apart from the errors quoted for cross sections in section 2 (for the allowed transitions), in the case of the forbidden transition O I] 1356 Å , the field-of-view factor contributes an estimated additional error of $40%. Therefore for O I] 1356 Å cross section, the relative uncertainty (root-sumsquare of errors) becomes $46%. Table 5 .
Optical Excitation Function Measurements
[23] The measured relative excitation cross sections for the transition O I 1304 Å were put on absolute scale by normalizing them to the cross section value of 2.28 Â 10 À18 cm 2 at 100 eV. The measured O I 1304 Å cross sections are fitted through the semiempirical relation [Jackman et al., 1977; Bhardwaj and Michael, 1999b] 
where q 0 = 4pa 0 2 R 2 and has the numerical value 6.513 Â 10 À14 eV 2 cm 2 . The cross section s(E) is a sum of the contributions from the three independent processes I, II, and III. The fit parameters for these processes are given in Table 5 . The model-fit curve is shown in Figure 7a .
[24] Polarization effects are unimportant for the measurement of excitation functions from SO 2 atomic products from dissociation. Many excited repulsive intermediate states contribute to the emission multiplets from excited atoms observed in this paper. The large number of intermediate states will diminish the anisotropic distribution of fragments and the associated polarization [van Brunt and Zare, 1968] . In addition, the polarization of radiation from the excited 3,5 S states for 130.4 and 135.6 nm, respectively, is zero.
[25] As described in section 4, it is required to correct the O I] 1356 Å excitation data for the field-of-view factor. The field-of-view factor is inversely proportional to the mean velocity (or in other words the inverse square root of mean kinetic energy) of the distribution function for atomic species emitting the optically forbidden spectral line [Ajello, 1970] . Each process involved in the dissociation and ionization (i.e., processes I, II, and III) produces its own characteristic velocity distribution. The fractional contribution of each of these causes the field-of-view factor to be dependent on the electron impact energy. The estimated value for 100 eV (in section 4) cannot be used to correct the entire range of data from threshold to 800 eV. It is therefore essential to know the variation of the field-of-view factor with respect to the electron-impact energy. We built a smooth function representing the variation of field-of-view factor w.r.t the electron-impact energy by using (a) the measured mean values of kinetic energies of the O ( 3 S 0 ) atoms produced by 100 eV and 30 eV electrons (see Table 4) and (b) fractional contribution of the three dissociation processes (I, II, and III) at each electron impact energy to the measured O I 1304 Å cross section. The summation of these fractional contributions was possible since each dissociation process produces a unique kinetic energy distri- The data were measured at a spectral resolution of 6.5 Å with the experimental settings satisfying optically thin conditions. The fit parameters for the modified Born approximation model are given in Table 5 . Identifications for the processes I, II and III (indicated at their measured thresholds) in the near threshold excitation for (Figure 7b bution. For example, below 25 eV only dissociation into neutral species occurs with a mean kinetic energy of less than 0.9 eV (Table 4) while above 100 eV dissociative ionization dominates the contribution to the 2.4 eV kinetic energy. The measured excitation data for O I] 1356 Å were then corrected by using this function.
[26] The measured relative excitation cross sections for the transition O I] 1356 Å were put on absolute scale by normalizing them to the cross section value 2.1 ± 1 Â 10 À18 cm 2 at 100 eV. A model fit for the corrected O I] 1356 Å cross sections was obtained using the same procedure as described in the case of O I 1304 Å . The fit parameters are given in Table 5 . The model-fit curve for O I] 1356 Å is shown in Figure 7c .
[27] Cross sections for O I 1304 Å and O I] 1356 Å as a function of energy in the range 0 -800 eVare given in Table 6 . From the optical excitation data we obtain the ratio of O I 1304 Å /O I] 1356 Å cross section as a function of energy in the range 0 -800 eV and this ratio is shown in Figure 8 .
Discussion
[28] We have measured the optically thin combined EUV and FUV spectrum of e (200 eV) + SO 2 at medium (1.5 Å FWHM) and of e (30,100 eV) + SO 2 high resolution (less than 0.1 Å FWHM). The medium resolution results can be compared to the low resolution Ajello et al. [1992a] for the same electron impact energy of 200 eV. In general the cross sections agree within 25% as shown in Table 1 . In total we have identified about 120 features over the wavelength range 800-1700 Å compared with the 61 features previously identified [Ajello et al., 1992a] [Clarke et al., 1992] . In 1995 -1996 GHRS captured the rich spectra of S and O lines, illustrated in Figures 9a and 9b ), operating at 3.5 Å FWHM with the G140L grating (M. A. McGrath, private communication, 2003) . The strong multiplets from O I 1304 Å , O I] 1356 Å and S I 1479 Å stand out as the most intense just as in the laboratory spectrum of SO 2 . The ratio of the line intensities of 1304 Å to 1356 Å in Figure 9 (top) and Figure 9 (bottom) show a variable ratio of 2.0 to 0.8, respectively, for these observations. This ratio can be expected to be variable for a number of reasons. First, we show in Figure 8 and Table 6 that the cross section ratio can vary substantially with mean electron impact energy in the low region (17.5 -40 eV) . This ratio is 0.3 and 1.3, respectively, for 17.5 and 40 eV. In addition, the column densities of oxygen-bearing species in the Io atmosphere have a large diurnal and latitudinal variation and their densities also depend on the relative contribution of subli- mation to volcanic activity in driving the atmosphere [Wong and Smyth, 2000; Moses et al., 2002] . Each of these species has a unique cross section ratio dependence for 1304 Å / 1356 Å in the low energy region (Kanik et al., submitted manuscript, 2004) . A weighted average of these two effects could contribute to the observed variation.
[30] More recently, making use of the resolving power of the G140M grating with STIS, it was possible to study the multiplet fine structure of S I 1479 Å at 0.5 Å FWHM [Feaga et al., 2002] . The low and medium resolution spectra acquired by spacecraft have shown the need for high-resolution laboratory spectra for comparison beyond that achieved by Ajello et al. [1992a Ajello et al. [ , 1992b (5 Å FWHM). This paper represents the first step in that direction. The Io FUV airglow spectrum is primarily produced by electron impact of S, O, and SO 2 . An electron temperature of 5 eV with a nonthermal and variable high-energy tail component characterizes the undisturbed torus plasma distribution function of electrons. The 5 eV thermal distribution is capable of directly exciting UV resonance lines from S and O atoms. On the other hand, if a component of the observed emission from any of the multiplets originate from dissociative excitation of a molecule, then the multiplets require electrons of at least 15 eV electron impact energy to produce the same emission lines from dissociative excitation of SO 2 or SO. However, the first threshold near 15 eV is not considered strong enough to produce the observed intense emissions at Io. The intense emissions would occur at energies above 25 eV as the second and third thresholds listed in Table 5 become available for the ''hot'' distribution tail. The Plasma (PLS) instrument on Galileo has the capability to measure fluxes of field-aligned electrons with a distribution of energies from 0.9 eV to 52 keV Paterson, 1999, 2002; cf. Oliversen et al., 2001] . Recently, Oliversen et al. [2001] have noted a sporadic integrated intensity and non-thermal line broadening emission from O I (6300 Å ). Dissociative excitation of SO 2 by high-energy electrons could explain these phenomena. It is probable that both dissociative excitation of SO 2 and direct excitation of atomic S and O contribute to the neutral emission lines.
[31] A final application of our results can be applied to the 1997 STIS observations of Roesler et al. [1999] . We compare in Table 7 the observed in intensities of the atomic S and O FUV multiplets with the cross section ratios for these same features at 3 Rydbergs ($40 eV) for SO 2 and 1 Rydberg (14 eV) for atomic S. The cross sections were normalized to S I 1479 Å cross section by taking its value as 1.99. The STIS observations (except for S I 1389 Å ) can be fully matched by our e + SO 2 cross sections at 3 Rydbergs. However, the e + S total (allowed + forbidden) cross sections near 1 Rydberg for the 1479/1429 ratio studied by Tayal [2001, 2002] also matches the data. The intensity of the STIS SI 1389 Å multiplet is better matched with a process of e + S. It is not possible to identify the dominant emitting species solely on the basis of UV spectroscopy alone. A model of the energy dependent electron flux and atmospheric column densities at Io can be best utilized to answer this question.
[32] To better understand the high-resolution multiplet structure produced from both e + S and e + SO 2 at 100 eV in the Born region we compare the multiplet structure of S I (1479 Å ) from both processes. The e + S optically thin model spectrum for this multiplet was shown previously [Feaga et al., 2002] . The e + SO 2 optically thin spectrum was shown earlier in Figure 6b at 0.095 Å FWHM. We can compare the fine structure distribution in Figure 10a at 0.235 Å FWHM, where the allowed and forbidden components of the e + S spectrum are separately normalized at 1474 Å at 1473 Å , respectively. The two spectra are indistinguishable. We show the same effect at higher resolution of 0.09 Å FWHM in Figure 10b , where only the allowed transitions are modeled. Each of the J-levels of the upper state 3 D emits spectra of the same relative intensity whether the parent species is S or SO 2 . The reason for this similarity in electron-excited emission spectra has been indicated by Shimamura and Takayanagi [1984] . In an electron collision with a polyatomic molecule at energies above the first threshold for emission, the interaction time between the electron and atom will be very short compared to the rotational or vibrational periods. In a close encounter with a sulfur atom in a sulfur-containing polyatomic molecule, the main force an electron will feel will be from the sulfur atom. The contribution of cascade is probably negligible in both the cases, S + e and SO 2 + e. In a recent paper by Zatsarinny and Tayal [2002] , the authors have estimated the maximum cascade cross section to the emission cross section is about 10% from principal quantum number n = 5 states and another 10% for states with n > 5. The oscillator strengths normally scale as 1/n 3 , which means higher member contributions decrease rapidly. At 200 eV, electron-impact energy cross section for the atomic multiplet S I 1479 Å was determined by summing the measured cross sections for the features 31 and 32 of Table 1 ; this cross section was estimated to be 1.35 Â 10 À18 cm 2 . We attempted here to estimate the emission cross sections as a function of electron-impact energy for S I 1479 Å from SO 2 by using the excitation data (for SO 2 + e ! S I 1479 Å process) from an earlier publication by Ajello et al. [1992] . The measured cross section at 200 eV was used as a benchmark to obtain cross sections for the energy range 20-800 eV; they are presented in Table 6 . A comparison of the emission cross sections of S I 1479 Å from SO 2 + e (see Table 5 ) with those of S + e [Zatsarinny and Tayal, 2002] is shown in Figure 11 . As seen from the figure the cross sections in the case of SO 2 were always much smaller than those of atomic sulfur. However the correspondingly higher column densities of SO 2 can make up this deficiency found at Io [Wong and Smyth, 2000] .
[33] We can proceed a step further by applying the analysis in a very simple optically thin model of two atmospheric layers to the Aug 1998 STIS observation analyzed by Feaga et al. [2002] . The two layers are an emission layer of SO 2 within the thermosphere and an absorbing layer comprised of the S-atoms inside the exosphere. We model the opacity at line center of a highaltitude absorption layer of S atoms, which are characterized by an exospheric temperature of about 1 eV. The exospheric Figure 10 . (a) A comparison of the fine structure intensities for the S I 1479 Å multiplet from electron impact on atomic sulfur (model) and SO2 (laboratory spectrum at 100 eV electron impact energy and resolution 95 mÅ was taken from Figure 4a and was subsequently convolved to 235 mÅ FWHM). (b) A comparison of the optically allowed fine structure intensities for the S I 1479 Å multiplet from electron impact on atomic sulfur (model) and SO 2 (laboratory spectrum at 100 eV electron impact energy and resolution 95 mÅ was taken from Figure 4a ). temperature is based on the release of fast sulfur atoms from dissociative excitation inside the thermosphere. A portion of the fast sulfur atoms will travel upwards to form the collisionless exosphere. A model-based column density of $1 Â 10 13 cm À2 in the exosphere of S-atoms can attenuate the upward intensity of 1479 Å photons from the SO 2 emission layer located in the thermosphere, by about 50% to produce the same intensity as the observation. The model assumes that the Doppler line emission profile from the thermosphere is characterized by a nonthermal Doppler width of about 1 eV and that secondary emission is negligible. The results are shown in Figure 12 for the 100 eV spectrum (analysis with the 30 eV spectrum produces identical results as indicated in Figure 4b ). In this model the temperature of the gas in the thermosphere is lower ($0.2 eV) [Strobel et al., 1994] than that of the exosphere (1 eV). A small segment of the emission line near line center will also be absorbed by the cooler thermosphere gas distribution of sulfur atoms. The model results in Figure 12 for the process of e + SO 2 are nearly the same as the model plots of Feega et al. for the process e + S. Thus from a measurement at the STIS G140M resolution of the 1479 Å multiplet fine structure it is not possible to distinguish whether the primary emission source is S or SO 2 . The model presented here is vastly oversimplified neglecting the following: (1) multiple scattering including photon entrapment, (2) absorption within the cooler thermosphere layer, (3) the kinetic energy distribution of S-atoms from dissociation of SO 2 into neutral ground state fragments which may Figure 12 . A model of the STIS G140M (resolution 0.6 Å ) observation of August 1998 [Feaga et al., 2002] for the 1479 Å fine structure based on a lower atmosphere emission source of SO 2 and transmission through an upper atmosphere layer of atomic S, producing self-absorption in the exosphere as explained in the text. The exosphere gas temperature was taken to be 10000 K. The model lines overlap in the vicinity of the forbidden transitions. The SO 2 laboratory spectrum at 100 eV electron impact energy and resolution 95 mÅ was taken (from Figure 4a ) and was subsequently convolved to 0.55 Å FWHM. Figure 11 . A comparison of emission cross sections for S I 1479 Å from SO 2 + e (present measurement) with those from the theoretically calculated cross sections for S + e by Tayal [2001, 2002] . The total cross sections for S + e, indicated by the solid line, was obtained by adding the calculated cross sections for the optically allowed transitions (3s 2 3p 4 3 P 3s 2 3p 3 4s 3 D 0 ) [Zatsarinny and Tayal, 2002] . Perhaps the large extent of the Io corona to distances of 10-20 Io radii [Wolven et al., 2001; Roesler et al., 1999] may be partially explained by the release in the thermosphere of superthermal S-atoms in the dissociation processes involving SO 2 . A model incorporating all these processes may be able to better treat the question of the principal emission source as being S or SO 2 or really a combination of the two target species. The development of this model is outside the scope of the present work.
